A sensitive and selective method for the determination of trace amounts of cobalt(II) is described. The method is based on the combined use of 1-(2-pyridylazo)-2-naphthol (PAN) and 2-(5-bromo-2-pyridylazo)-5-[N-propyl-N-(3-sulfopropyl)amino]phenol (5-Br-PAPS). Cobalt(II) is first extracted on a membrane filter as the cobalt(III)-PAN complex and the complex is decomposed with acid. The cobalt is then extracted on a membrane filter as the cobalt(III)-5-Br-PAPS complex in the presence of dodecylbenzenesulfonate and determined by densitometry. The proposed method has been applied to the determination of cobalt in tap water and beverages.
Solid-phase spectrophotometry is based on the extraction of a desired trace element as a colored species on a solid support, such as ion-exchange resins 1 and a membrane filter 2 , and the direct absorbance measurement of the resulting colored thin layer by spectrophotometry. Reagents, such as 1-(2-pyridylazo)-2naphthol (PAN) 3 , nitroso-R salt 4, 5 , and 4-(2-pyridylazo) resorcinol 6 , were used for the determination of cobalt. Although these methods are highly sensitive, a method of higher sensitivity is still required for the determination of trace amounts of cobalt in smaller sample volumes.
On the other hand, solid-phase extraction methods using membrane filters are widely investigated for the preconcentration of trace elements, and recent studies have been summarized in reviews. 7, 8 The formation of hydrophobic species is necessary for the quantitative extraction of the desired trace element on a membrane filter. 9 The extracted species are dissolved together with the membrane filter in sulfuric acid or organic solvents, such as dimethyl sulfoxide, and determined by various methods, including GF-AAS, ICP-AES and spectrophotometry. Wet ashing of the extracted species is also useful for the sample preparation for various instrumental analyses.
When the sample-preparation method based on membrane extraction and subsequent wet ashing is combined with solid-phase spectrophotometry, the sensitivity and selectivity for the determination of a trace element could be improved.
The aim of this work was to develop a spectrophotometric method for the determination of trace amounts of cobalt(II). The combined use of PAN and 2-(5bromo-2-pyridylazo)-5-[N-propyl-N-(3-sulfopropyl)amino]phenol (5-Br-PAPS) was selected for this purpose because PAN is an excellent reagent for the extraction of cobalt on a membrane filter 3 and 5-Br-PAPS 10 , a water soluble derivative of 5-Br-PADAB 11 , is one of the highly sensitive color reagents for cobalt(II). The preliminary conditions for the determination of cobalt with 5-Br-PAPS were examined and the combined use of PAN and 5-Br-PAPS was described for the determination of cobalt in tap water at a low ng l -1 level and beverages, such as red wine, at a low ng ml -1 level.
Experimental Apparatus
A Shimadzu (CS-920) Chromatoscanner was used for measurements of the reflection absorbance of the cobalt(III)-5-Br-PAPS complex on a membrane filter. A Toyo KG-25 filter holder with a Toyo membrane filter of cellulose nitrate (0.1 mm pore size) was used for the extraction of the cobalt(III)-5-Br-PAPS complex by filtration under suction. A Toyo KG-47 filter holder with a 0.45 mm membrane filter was used for the preconcentration of the cobalt(III)-PAN complex.
Reagents
All of the reagents used were of analytical regent grade. Redistilled water was used. A cobalt(II) standard solution (1000 mg ml -1 , pH 1) was prepared by dissolving the metal (99.99%) in nitric acid (1:1). A working solution containing 0.100 mg Co ml -1 was prepared by appropriate dilution with 0.1 mol l -1 hydrochloric acid. A 1.0 mmol l -1 5-Br-PAPS solution was prepared by dissolving the Dotite reagent (Dojindo Lab.), 2-(5-bromo-2-pyridylazo)-5-[N-propyl-N-(3-sulfopropyl)amino]phenol, disodium salt, dihydrate, in water. A 10.0 mmol l -1 DBS solution was prepared by dissolving sodium dodecylbenzene sulfonate (Wako Pure Chemicals) in water. A 0.1% m/v PAN solution was prepared by dissolving 1-(2-pyridylazo)-2-naphthol in ethanol. An EDTA buffer solution (pH 3.5) was prepared by mixing 50 ml of 0.1 mol l -1 EDTA with 50 ml of 0.2 mol l -1 zinc(II). An anion-exchange resin suspension (ARS) of 20.0 mequiv ml -1 was prepared from a macroreticular resin, Diaion WA30 (Mitsubishi Chemical), according to a reported method. 9
General procedure for the determination of cobalt with 5-Br-PAPS A 20.0 ml aliquot of the sample solution (pH 2) containing 50.0 ng of cobalt(II) was placed in a 100 ml beaker and 0.50 ml of 1.0 mmol l -1 5-Br-PAPS was added. After the pH was adjusted to 6.5, the mixture was allowed to stand for 4 min and 0.5 ml of 0.2 mol l -1 EDTA was added. The whole was allowed to stand for another 4 min. Then, 0.3 ml of 10 mmol l -1 DBS was added, and the mixture was immediately filtered by suction with a 0.1 mm membrane filter of cellulose nitrate. The filter was washed twice with 4 ml of 0.1 mol l -1 hydrochloric acid, and further washed three times with 4 ml of 2 mol l -1 hydrochloric acid, successively. The cobalt(III)-5-Br-PAPS complex was thus concentrated on the membrane filter as a circular thin layer of ca. 17 mm in diameter. The wet membrane filter was placed on a white plastic plate in the densitometer and the integrated absorbance was measured at 600 nm by scanning the thin layer over 24´30 mm 2 . If necessary, the membrane filter holding the cobalt(III)-5-Br-PAPS complex was stored wet in a Petri dish on a filter paper impregnated with 0.1 mol l -1 perchloric acid until it was subjected to the measurement. The blank value was obtained by the same procedure, except for the addition of cobalt(II).
Preconcentration of cobalt(II) in tap water with PAN
After running tap water for more than 30 min, 300 ml of the sample was placed in a beaker and 10.0 or 20.0 ng of cobalt(II) was added. The pH was adjusted to 2 with the addition of 20% hydrochloric acid, and the mixture was ultrasonically stirred for 1 min. After the pH was adjusted to 3.5, 2 ml of 0.1% PAN and 15 ml of 2 mol l -1 sodium perchlorate were added successively. The mixture was allowed to stand for 5 min, and then filtered through a 0.45 mm membrane filter of 47 mm in diameter. The beaker and the filter were washed three times with 5 ml of 0.01 mol l -1 hydrochloric acid, twice with 5 ml of 0.1 mol l -1 hydrochloric acid and twice with water, successively. The cobalt(III)-PAN complex was thus collected on the filter as a circular thin layer of ca. 35 mm in diameter.
Preconcentration of cobalt(II) in wine, plum liquer and apple juice with PAN
A 10 ml aliquot of a beverage sample was diluted to 30 ml with water and 0.2 ml of 3% hydrogen peroxide solution, 20 mg of sodium fluoride and 0.5 ml of ARS were added. 3 The pH of the final solution was ca. 3.5. After stirring the mixture for 5 min, it was filtered through a 0.20 mm membrane filter of 25 mm in diameter and the filtrate was collected in a fresh beaker. The residue on the filter was washed with water, and the washings were combined with the filtrate. After the resulting solution was diluted to 100 ml, 0.5 ml of 20% hydrochloric acid, 0.1 ml of 3% hydrogen peroxide, 0.9 ml of sodium acetate, 1.3 ml of 0.2 mol l -1 zinc nitrate, 0.4 ml of EDTA buffer solution, 1.0 ml of 0.1% PAN, and 1.0 ml of 5 mol l -1 sodium perchlorate were added successively. 3 The resulting cobalt(III)-PAN complex was collected on a membrane filter as described above for tap water.
Wet ashing of a cobalt(III)-PAN complex on a membrane filter
A membrane filter holding the cobalt(III)-PAN complex was placed in a 100 ml beaker, and 2.1 ml of concentrated nitric acid and 0.7 ml of 30% hydrogen peroxide were added. The beaker was covered with a watch glass and heated on a hot plate at about 160˚C for 20 -25 min until the cobalt(III)-PAN complex and the membrane filter were completely decomposed and the final sample volume was reduced to ca. 10 ml. After cooling to room temperature, the sample was diluted to 20 ml with water and the pH was adjusted to 2 with the addition of small amounts of 3 mol l -1 ammonia.
Results and Discussion

Effect of the pH
The effect of the pH on the extraction of the cobalt(III)-5-Br-PAPS complex was examined according to the general procedure in the pH range 3.2 -8.8. A maximum and constant absorbance was observed above pH 5.5, as shown in Fig. 1 . The absorption maximum of the cobalt(III)-5-Br-PAPS complex was found at 600 nm, although it was found at 589 nm in a solution of pH 5. 10
Effect of the amount of 5-Br-PAPS
A maximum and constant absorbance due to the cobalt(III)-5-Br-PAPS complex was obtained in the presence of 0.2 -0.6 mmol of 5-Br-PAPS. The blank value increased with increasing amounts of 5-Br-PAPS above 0.6 mmol.
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Effect of EDTA
The cobalt(III)-5-Br-PAPS complex, once formed, was stable in the presence of EDTA, while cobalt(II) was totally masked with EDTA when EDTA was added before the addition of 5-Br-PAPS. Although iron(III) gave a serious negative error for the determination of cobalt(II), the interference of up to 250 mg iron(III) could be successfully eliminated with the addition of 100 mmol of EDTA after the addition of 5-Br-PAPS. The effect of the standing time after the addition of EDTA was examined; it was found that more than 2 min is required to mask the effect of iron(III). The use of an EDTA buffer solution comprising EDTA and excess zinc(II) 3 was also examined to mask the effect of iron(III), but did not work at pH 6.5 because a large portion of 5-Br-PAPS was consumed for the formation of the zinc(II)-5-Br-PAPS complex.
Effect of DBS
The cobalt(III)-5-Br-PAPS complex (metal:lig-and=1:2), is water soluble because the complex has two negative charges due to each propanesulfonate group and a positive charge in the chelating ring. Thus, the effects of Zephiramine and DBS were examined as an ion-pair reagent for the extraction of the cobalt(III)-5-Br-PAPS complex on a membrane filter (Fig. 2) . In the presence of Zephiramine, 5-Br-PAPS was preferentially extracted on the membrane filter and the extraction of the cobalt(III)-5-Br-PAPS complex was suppressed. In the presence of DBS, on the other hand, the cobalt(III)-5-Br-PAPS complex was effectively extracted on a membrane filter and the extraction of 5-Br-PAPS could be suppressed due to the repulsion between the 5-Br-PAPS and DBS anions.
Effect of the pore size of the membrane filter
The absorbance of the cobalt(III)-5-Br-PAPS complex extracted on a membrane filter increased with decreasing pore size of the filter from 1.0 to 0.1 mm, as shown in Fig. 3 . The quantitative extraction of cobalt(II) on a 0.1 mm membrane filter was confirmed by re-extraction of the cobalt(III)-5-Br-PAPS complex in the filtrate, with no coloration due to the cobalt complex being observed on the second filter. The time required for the extraction was ca. 5 min. When a membrane filter of cellulose acetate was used in place of that of cellulose nitrate the cobalt(III)-5-Br-PAPS complex could not be extracted.
Effect of acid washing
When the filter holding the cobalt(III)-5-Br-PAPS complex was washed with hydrochloric acid, the color due to excess 5-Br-PAPS was decreased and the purple color of the cobalt(III)-5-Br-PAPS complex became clearer. With increasing hydrochloric acid concentration above 3 mol l -1 , however, the absorbance of the cobalt(III)-5-Br-PAPS complex was gradually decreased. In the general procedure the membrane filter was first washed with 0.1 and then 2 mol l -1 hydrochloric acid to avoid a rapid pH change from 6.5. The absorbance of the cobalt(III)-5-Br-PAPS complex on the filter was kept constant for at least 2 h, when the filter was stored wet with 0.1 mol l -1 perchloric acid. Fig. 3 Effect of the pore size of the membrane filter on the extraction of cobalt(III)-5-Br-PAPS complex at pH 6.5. The other conditions were the same as in Fig. 1 .
Effect of the temperature
The effect of temperature was studied by varying the temperature of the reaction mixture in the range 10 -30˚C. The absorbance of the resulting cobalt(III)-5-Br-PAPS complex was slightly increased with increasing temperature from 10 to 20˚C, and a constant and maximum absorbance was obtained above 23˚C. When the reaction mixture and the room temperature were kept constant at 23˚C, excellent reproducibility was obtained for the determination of cobalt.
Effect of diverse ions
The results of the effect of diverse ions are summarized in Table 1 . The addition of EDTA after the formation of the cobalt(III)-5-Br-PAPS complex and the acid washing of the membrane filter after the extraction of the cobalt(III)-5-Br-PAPS complex were both effective to improve the selectivity of the proposed method. The addition of hydrogen peroxide was necessary to mask the effect of iron(II) as the iron(III)-EDTA complex. Although the tolerance limits of palladium(II), niobium(V) and zirconium(IV) were low, the amounts of these metal ions in tap water and beverages were expected to be much lower than that of cobalt(II); thus, no further studies on the elimination of interference were undertaken.
Effect of sample volume
A constant recovery of 50 ng of cobalt(II) as the cobalt(III)-5-Br-PAPS complex was obtained from different sample volumes, ranging from 10 to 40 ml. The recovery then decreased with increasing amounts of sample volume, as shown by curve A in Fig. 4 .
Calibration graph
The calibration graph was expressed by two straight lines with different slopes: y=890.1x+12663 (r=0.9996) for up to 30.0 ng of cobalt(II) and y=688.5x+18706 (r=0.9998) in the range 30.0 -60.0 ng, where y is the integrated absorbance including blank value and x the amount of cobalt in nanograms. Although the reason for the two straight lines is not clear, good reproducibility was obtained. The relative standard deviation was 0.4% (n=3) and 0.2% (n=3) for 10.0 ng and 50.0 ng of cobalt, respectively. The detection limit was 0.36 ng, based on three-times the standard deviation (n=7) of the blank value.
Preconcentration of cobalt(II) with PAN
A 50.0 ng portion of cobalt was effectively collected on a 0.45 mm membrane filter of 47 mm in diameter in the presence of perchlorate ion as the counter anion for the cobalt(III)-PAN complex, as shown in curve B in Fig. 4 , which also indicated that the conversion of the cobalt(III)-PAN complex to the cobalt(III)-5-Br-PAPS complex was quantitative. For the preconcentration of cobalt from beverages, the reported method 3 was applied, as described in the experimental section.
Wet ashing of cobalt(III)-PAN complex on a membrane filter
The combined use of nitric acid and hydrogen peroxide was found to be most useful to decompose the cobalt(III)-PAN complex on a membrane filter. A constant recovery of the cobalt as the 5-Br-PAPS complex was obtained after decomposition of the cobalt(III)-PAN complex with the combined use of 2.1 ml of concentrated nitric acid and 0.7 ml of 30% hydrogen peroxide at temperatures in the range 160 -180˚C for 20 - 340 ANALYTICAL SCIENCES APRIL 1998, VOL. 14
Amount of ion/ng
Foreign ions which give the relative error of within ±3% for the determination of 50 ng of cobalt Fig. 1. (B) : the 50.0 ng portions of cobalt were extracted at pH 3.5 on a 0.45 mm membrane filter of cellulose nitrate (47 mm in diameter) from different amounts of solution containing 2.0 ml of 0.1% PAN and 0.1 mol l -1 sodium perchlorate. The amount of cobalt extracted as the PAN complex was determined by the 5-Br-PAPS method after wet ashing the PAN complex.
Determination of cobalt in tap water
We analyzed 300-ml portions of a tap-water sample after the addition of 10.0 and 20.0 ng of cobalt. The relation between the added amounts of cobalt (x) and the resulting absorbance (y) was given by the following equation: y=892.6x+17374. The slope of this line coincides with that of the calibration graph, which indicated that the added amounts of cobalt were quantitatively recovered through the whole procedure. The results of the determination of cobalt in tap water are given in Table 2 . Since a constant cobalt concentration was observed in different sample volumes, it was safely concluded that there was no systematic error in the proposed method.
Determination of cobalt in beverages
The extraction of cobalt as a PAN complex on a membrane filter was carried out according to the reported method. 3 A part of the colored species and most of the iron(III) in the beverages were removed by filtration with the combined use of a finely divided anion-exchange resin and sodium fluoride. 3 The EDTA buffer solution was useful for extracting the cobalt in the filtrate selectively on a membrane filter as the PAN complex. The recovery of cobalt was examined using 5.0 ml portions of a white wine with the addition of 10.0 ng of cobalt(II). The cobalt values found were (26.3±0.01) ng and (36.4±0.01) ng, respectively for each of 3 runs, which indicated that the added amounts of cobalt were quantitatively recovered through the whole procedure. The results of the determination of cobalt in beverages are summarized in Fig. 5 . Since a constant cobalt concentration was found in different sample volumes for each sample, it was concluded that a constant and maximum recovery of cobalt was attained in the different sample volumes and that there was no systematic error in the proposed method. Table 2 Results of the determination of cobalt in tap water
